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Abstract
Globally, only 9% of plastic by mass is recycled. Allowing consumers to directly convert polyethylene
terephthalate (PET) waste into 3D filament can increase the recycling rate by reducing contamination and
costs from traditional large-scale recycling methods. This was tested by heating strips of PET to various
temperatures within its glass transition region and pressing a roller with a 1.75 mm indentation against it
to observe strip deformation. PET was also placed in a hemispherical well with a 1.75 mm diameter hole
at the bottom and heated above its melting temperature to determine the mass of PET required to extrude
3D printer filament using gravity. The filament had the best properties when produced at 175 °C, and 12.5
g of PET were required for gravity extrusion in a 5 cm diameter well. Additionally, replacing polylactic
acid (PLA) infill material with a wheat straw pulp can reduce plastic consumption for 3D printed parts
while still providing structural support. The viability of this substitution was observed by compression
testing a 3D printed PLA frame with 50% wheat straw infill by volume. The results were compared to a
PLA frame with equivalent PLA infill by mass and a PLA frame with no infill. Wheat straw was
determined to be a viable alternative for PLA infill in parts with low strength requirements; however,
shrinking during drying made accurate infill printing difficult.
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Introduction
Polyethylene terephthalate (PET) is one of the most commonly used polymers in the world with an annual
consumption of over 3.1 million tons being used in everything from plastic bottles to toys each year in the
United States alone.1 As a result, it makes up a significant portion of the plastic waste polluting the
environment with 14% of all litter by mass being PET bottles.2 Fortunately, unlike thermoset polymers
which are unrecyclable, PET is a thermoplastic meaning it can be melted down and reformed into a new
product. At full scale, this process consumes 76% less energy than using virgin material.3 Collecting,
cleaning, and sorting recyclable materials at a large scale, however, can be time-consuming and costly
which is a major contributing factor to the fact that only 9% of polymers by mass are recycled.4
To address this issue, the concept of scaling down the recycling process to the consumer level was
developed, which will eliminate the mixing and contamination of plastics in the recycling bin. However,
scaling down conventional plastic recycling and part production methods (injection molding, blow
molding, etc.) would be expensive and not practical because they can only produce one part design at a
time. A solution to this would be to convert plastic waste (PET bottles) into a form that is usable by 3D
printers. 3D printers are able to produce a wide variety of parts by depositing plastic one layer at a time.
Also, because the 3D printing industry is rapidly expanding with a current global market size exceeding
$11 billion and projected annual growth of 14% for the next 7 years,5 an increasing number of plastic
consumers will have the ability to reuse their waste. The goal of this project is to directly convert plastic
waste (PET plastic bottles) into a usable 3D printer filament that can be used to print new parts. This
design will work by cutting a plastic bottle into a thin continuous strip and molding that strip into a
filament at a temperature above its glass transition temperature and below its melting temperature.
An additional area of waste that was examined was straw products. Each year, 800 million tons of rice
straw are burned or buried in the soil which significantly deteriorates the local air quality and releases
harmful greenhouse gases.6 A unique property that many straws have, however, is the ability to be formed
into a pulp by removing the silica and lignin which support the straw’s structure.7 Once these are removed
and the pulp is rehydrated, it becomes moldable and can be plastically deformed. It will then retain its
shape once dried. Because of this property, it was postulated that the pulp could be used in 3D printing by
depositing it a layer at a time. An application where this may be beneficial is in the infill of 3D printed
parts. Most 3D printed parts consist of a shell with a pattern providing mechanical support printed inside
(infill) that is mostly air. Infill is usually made of the same material as the rest of the part. If the PET infill
material is replaced with waste straw pulp, it would reduce the amount of non-biodegradable material in
the part. In order for this to be a viable option, the straw infill must be able to support a load comparable
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to a part with a PET infill. Due to the difficulty of obtaining rice straw in small quantities, and because
wheat straw waste is much more common in the United States, tests were conducted with wheat straw as
a proof of concept. For these ideas to be worthwhile, they must provide feasible solutions to the world’s
recycling problem without significantly detracting from 3D printed part’s performance or production
speed. Also, in the case of the recycled filament production method, it must produce a filament more
efficiently and/or with better mechanical properties than a scaled-down conventional extrusion filament
production process.

Background
i. PET Filament
The proposed filament is intended to be used in a fused deposition modeling (FDM) 3D printer. An Ender
6 3D printer was used for this project. In FDM 3D printers, a long continuous filament, often made of
plastic, is pulled by a driver to a heated nozzle (Figure 1).

Figure 1. Diagram showing the fused deposition modeling (FDM) 3D printing process.8
The temperature of the heated nozzle is maintained above the melting temperature of the filament
material (Tm). A layer of the model being printed is then produced by moving the nozzle in the horizontal
XY plane to deposit the melted material in the appropriate locations. When the layer is completed, the
build platform (or nozzle) moves in the Z-direction a distance equal to the thickness of one layer and the
nozzle begins to print the next layer. This process is repeated until the part is complete.
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There are a number of requirements that need to be met for a material and a filament production process
to be a viable option to produce filament for consumer-grade FDM 3D printers. First, the material used
has to be meltable, preferably more than once without significantly degrading. This means that in the case
of polymers, it cannot be a thermoset. A second requirement is that the process must be able to form the
material into a “continuous” filament which, for the purposes of this study, will be defined as being at
least 2 meters in length. This filament must also have a consistent diameter of 1.75 mm with a tolerance
of +/- 0.1 mm so it can be used by existing filament drivers and nozzles which are already set up to take
filament of this size. PET fits these requirements and both virgin and recycled PET are currently used to
make 3D filament. The proposed filament production process starts with a continuous strip of PET that is
produced by rotating a cylindrically symmetric PET bottle while a stationary razor blade cuts the PET
with a consistent width from the bottle (Figure 2). This process is similar to an apple peeler removing the
skin of an apple.

Figure 2. A continuous strip of PET being cut from a bottle with a stationary razor blade.9
This strip with a rectangular cross-section will then be heated to a temperature within its glass transition
region and fed between two shaping wheels to mold it into a circular cross-section (Figure 3). Each wheel
will have a semi-circular indentation around its circumference with a diameter of 1.75 mm. The shaped
filament will then be air cooled, to prevent deformation due to handling, and then fed into the filament
driver and used to print a new part.
There are two major differences between conventional filaments and the proposed filament. The first is
that the proposed filament will be developed by the consumer and not in large-scale processing plants.
The second significant difference is that for the proposed design, the plastic will not reach a temperature
above Tm until it is being printed. Traditional filament production methods use melt extrusion which
reaches temperatures above Tm during filament production.
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To examine the viability of the proposed filament production method, two experiments will be conducted.
In the first test, strips of PET will be heated to temperatures in the lower, middle, and upper portion of the
glass transition region and deformed against a flat surface with a single roller (Figure 4).

Figure 3. Two shaping wheels designed to change the cross-section of the strip from a rectangle to a
circle.

Figure 4. Front and side views of proposed roller model to test whether deformed PET strips produce 1.75
mm diameter filament within the desired tolerance at various temperatures.
The roller’s edge will have an imprint of a 1.75 mm filament with a semi-circular cross-section. This
experiment will be conducted to determine whether deformed PET strips can produce a 1.75 mm diameter
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filament within the desired tolerance (+/- 0.05 mm) at various temperatures within the glass transition
region.
In the second test, PET strips will be placed in a small well with a 1.75 mm hole at its lowest point
(Figure 5). The PET will then be heated above Tm to determine if filament formation by extrusion using
gravity is a viable filament production method. The benefit of using only gravity to extrude the filament is
that there would be no moving parts required in the filament production process which increases its
reliability.

Figure 5. Diagram of gravity extrusion method which is meant to determine if 5 g of melted PET can be
extruded by the force of gravity alone.
ii. Wheat Straw
To understand the theory behind 3D printing paper pulp, it is beneficial to learn how the pulping process
works. This is done by taking a fibrous plant material (often wood or straw) and boiling it in an 11 g/L
solution of NaOH in water for 2 hours which removes the lignin.10 Lignin is a mechanically reinforcing
polymer within the plant tissue so removing it leaves the cellulose, hemicelluloses, and the remaining
organelles.11 As a result, the straw becomes much less rigid, and after draining the NaOH solution,
becomes a “mush”. This mush is then pressed through a 1/20th inch mesh screen to remove any
remaining large particles.
To determine the viability of the proposed straw infill, this screened mush was deposited layer by layer
into 50 mm x 50 mm wide and 25 mm high PLA frames to produce an infill. A 50% wheat straw infill by
volume was compression tested and the results were compared to a 12.7% PLA infill sample (which
contained an equal amount of material by mass as the wheat straw infill sample) and a 0% infill sample
(Figure 6).
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Figure 6. 50 mm x 50 mm x 25 mm 3D printed PLA frame with no infill.

Methodology
i. Heated Plastic Strip and Roller Experiment
To determine the viability of rolling a strip of PET from a plastic bottle into a continuous filament, two
rollers were made. This was done by using Craftsmart® polymer clay, which was molded into discs with
a diameter of approximately 5 cm and a thickness of approximately 2 cm. A 1.75 mm diameter filament
was then held taut while the two clay cylinders were rolled against it to impress the circular cross-section
of the filament along the edges of the rollers. Using two rollers ensured that when pressed together along
their edges, the rollers would produce a gap with the diameter of the desired filament. However, to make
testing easier, only one roller was used to deform the PET strip. A 9 inch long bolt was then pushed
through the center of each roller (to serve as a grip) and the clay was cured at 135 °C for 90 minutes
(Figure 7).

Figure 7. Side view of one clay roller with filament indentation and 9 inch bolt through its center.
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The PET sample strips were cut from Dasani 500 mL water bottles. The label was removed first and then
each strip was cut from the same location on the bottle, approximately 10 cm above the bottom of the
bottle. The strip was then trimmed to be 1 cm wide and 7 cm long. The strips were then placed on
aluminum foil and set on an aluminum tray. Steel weights were then placed on the ends of the strip to
hold the strip in place as it was heated, and the tray was placed in a Black+Decker TO1313SBD toaster
oven for 20 minutes to ensure it reached the target temperature. Three experiments were done at each
temperature setting (95 °C, 175 °C, and 230 °C) which are in the lower, middle, and upper regions of
PET’s glass transition temperature region, respectively. These temperatures were also chosen because
they correspond to pre-set dial locations on the oven allowing for more consistent heating conditions.
After the sample had been heated for 20 minutes, the tray was quickly taken out and the clay roller was
repeatedly rolled on the softened PET strip until it cooled to room temperature. The strips cooled to room
temperature relatively quickly (approximately 5-10 seconds) so only 10 passes could be conducted on
average before no more deformation of the strips occurred.

ii. Gravity Extrusion Test
Well above Tg, thermoplastics are much more ductile meaning that it is easy to deform them. To limit
deformation due to excess contact with the filament, the feasibility of using gravity to extrude the filament
was tested. This was done by using a Teflon-coated steel cake pop baking pan with hemispherical wells,
and cutting two of the wells from the rest of the pan. Holes with a 1.75 mm diameter, the same diameter as
the filament used in 3D printers, were then drilled into the bottom of the wells. 10 grams of PET squares
that were each approximately 1 cm x 1 cm were then cut from the Dasani water bottle and distributed
evenly to both wells. A 2 well x 2 well section of the pan was then cut out and placed upside down to
provide support for the 2 well x 1 well section with the holes drilled in it (Figure 8).

Figure 8. Melt extrusion setup with a 2 well x 1 well pan with 1.75 mm holes drilled in the bottom, placed
on an inverted 2 well x 2 well pan.
7

This also provided a free space below the hole so any melted plastic had a clear path to flow. The samples
were then placed in the toaster oven at 260 °C and allowed to fully melt. Additional PET squares were
added in increments of 2.5 g to one well until 12.5 g total were present. No PET was added after 12.5 g
because this was the point at which extruded PET was observed below the well. Between each addition of
PET, the added material was allowed to fully melt and the extrusion progress was observed for 30
minutes. This test was conducted two times.

iii. Straw Infill Experiment
To produce the wheat straw pulp that would be used as the infill material, EZ-StrawTM brand wheat straw
was first cut into 5 cm segments and then washed with tap water to remove contaminants. The straw was
then placed on a baking sheet and dried in an oven at 80 °C for approximately 3 hours. Once the blades of
straw no longer stuck to one another, they were divided into bunches that each weighed 50 grams. For
every 50 grams of straw, 1 liter of solution was prepared which contained 11 grams of NaOH per liter of
water. The straw + NaOH solution was then boiled for 2 hours on a hot plate set to 150 °C, with
intermittent stirring with a glass rod every 15 minutes. Following this, the straw + NaOH solution was
removed from the hot plate, allowed to cool to room temperature, and the NaOH solution was drained
into a waste containment bin. The straw was washed with tap water again to cool it back to room
temperature and to remove excess NaOH. It was then diced in a 20 oz Oster MyBlend® blender until no
straw pieces larger than 1 cm in length could be detected by visual inspection. The pulp was then
collected and formed into 5 evenly sized balls that were around 5 cm in diameter and gently squeezed to
remove excess liquid until they could maintain their shape. The balls were not simply weighed to obtain
the correct material amount because the excess water that was present from the washing and rinsing steps
made total mass calculations difficult. Instead, the 50 g of wheat straw that was known to be present in
the pulp was divided into 5 equally sized groups to produce pulp with approximately 10 g of wheat straw
per ball. These balls were then pressed through a 1/20th inch mesh screen to remove any remaining large
particles. The material that passed through the mesh was collected and put into a baker’s icing bag with a
2 cm diameter nozzle. The pulp was then extruded into strips and deposited into the 3D printed polylactic
acid (PLA) frame with 1.4 mm thick walls (Figure 8). A layer of the straw pulp was deposited in a pattern
meant to roughly resemble the 12.7% by volume PLA linear infill pattern (Figure 9).
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Figure 9. 12.7% by volume PLA linear infill in a 50 mm x 50 mm x 25 mm PLA frame.

Initially, this first layer was partially dried by placing the straw and frame in a furnace at 80 °C for 15
minutes; however, this caused the frame to warp. Another sample was then prepared the same way but
allowed to air dry, which took three days (Figure 10).

Figure 10. PLA frame with approximately 50% wheat straw infill.

The PLA had a 12.7% infill density by volume, compared to the 50% infill density by volume of the
wheat straw, to ensure the masses of both samples were the same. Because PLA has a density of 1.24
g/cm3 and wheat straw has a density of 0.3 g/cm3, to determine the percent infill of PLA that would have
the same mass as the 50% wheat straw infill in a 50 mm x 50 mm x 25 mm frame, Equation 1 was used
where (Vf) is the volume of the frame, (P) is the percent infill and  is the density of the material.

(Vf)(PPLA)(PLA) = (Vf)(PWheat)(Wheat)
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(1)

This gives a value for PPLA of 12.7% which is the wheat straw infill percentage to compare the two infill
materials.
Compression testing was conducted using a Shimadzu mechanical test frame with a 25 kN load cell. This
was done by first replacing the upper fixture with a 3 mm thick cylindrical plate with a 7.5 cm diameter
circular face to contact the upper surface of the sample (Figure 11).

Figure 11. Shimadzu mechanical test frame setup with cylindrical plate crosshead and steel plate base.

The lower specimen holder was replaced with a 15 cm x 15 cm x 1 cm thick steel plate. The emergency
stopper was then set to a height around half the height of the sample to prevent damage to the machine.
The TRAPEZIUM X software was then opened, a new compression method was selected, and the scale
was set to 25 kN. The stroke (or displacement) was set to a 200 mm limit and the compression rate was
set to 1 mm/min. This new test method was saved and the force was zeroed prior to commencing the
compression test. Next, the saved method was selected again and the specimen’s dimensions were
entered. The upper cylindrical plate was then brought down to the upper surface of the sample and a
preload of 200 N was applied. The force and stroke were zeroed again and the test was run. After the
sample failed, the cross-head was raised and the sample was removed. The data was then exported and the
next sample was placed in the test frame. This process was repeated for all three samples.
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Results
i. Heated Plastic Strip and Roller Experiment
Samples were initially placed on aluminum foil without weights to hold the ends of the strips down.
However, after heating at 95 °C for 20 minutes, each sample formed a tightly wound coil that was
difficult to unwind and roll. Future experiments included steel weights to hold down the ends of the strips.
The plastic samples that were heated to a temperature in the lower part of the glass transition region (95
°C) showed moderate deformation after rolling (Figure 12).

Figure 12. Deformed PET strip after 20 minutes at 95 °C. The area between red lines is the rolled region.
The deformed region (shown between the red lines in Figure 12) displayed a ridge-like curvature with a
diameter similar to that of the filament. The area beneath the ridge, however, was still mostly air meaning
a solid filament was not fully produced.

The samples that were heated to a temperature in the middle of the glass transition region (175 °C)
displayed significant deformation (Figure 13).

Figure 13. Deformed PET strip after 20 minutes at 175 °C. The area between red lines is the rolled region.
The green lines indicate locations where measurements of the diameter of the filament were taken.

The average thickness of the deformed region in the y-direction was 1.5 mm, which is very close to the
1.75 mm target. The 10 measured values which were taken an equal distance from each other in the rolled
region (at locations indicated by the green lines in Figure 13) were all within 0.05 mm of the average
thickness. The average thickness of the deformed region in the Z-direction was 1.2 mm. Because only one
roller was used, the desired thickness was half of the total filament diameter (0.88 mm).
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The samples that were heated to a temperature at the upper region of the glass transition region (230 °C)
became very sticky and parts of the strip adhered to the roller. This made it difficult to produce filament
regions that could be measured.

ii. Gravity Extrusion Test
No PET in either of the two wells made it through the 1.75 mm hole during heating to 260ºC when only 5
g of PET were present in each well. To verify that the PET had been heated enough to flow, the 2 well x 1
well holder was removed from the oven and the plastic was quickly pressed downwards towards the hole.
The filament produced can be seen in Figure 14.

Figure 14. A small length of PET (circled in red) extruded from the 1.75 mm hole.
Despite being relatively short (3 mm), the filaments that were produced had an average diameter of 1.8
mm (from a sample size of 4 evenly spaced measurements along the length of the filament), which is very
close to the 1.75 mm target.

The PET was then removed and additional PET was added in 2.5 g increments to each of the wells and
allowed to fully melt. No extrusion was visible until 12.5 g of PET was present in each well; however, the
extrusion rate was slow. After 15 minutes, the filament length was 4 mm. The extended exposure to
elevated temperatures had begun to burn the top surface of the PET in the well. After 30 minutes, a strong
odor was present and the top surface of the PET was fully burnt (Figure 15). The filament, however,
showed no signs of charring.
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Figure 15. The burnt upper surface of PET in a well after 20 minutes of exposure to 260 °C.

iii. Straw Infill Experiment
Despite draining excess liquid before deposition, the straw infill material held much more moisture than
expected. As a result, the samples were dried for 3 days at room temperature. After this extended drying
period, the surface of the infill was yellow rather than brown, indicating that most of the moisture had left
the wheat straw pulp. There was also significant shrinkage of the infill during the drying process, which
resulted in detachment of the infill from the PLA frame. These gaps were filled in during the drying
process with additional pulp which was allowed to dry before mechanical testing took place.

The 12.7% PLA infill sample was tested first and withstood a maximum load of 2700 N before failure.
Compression testing was then conducted on the 50% wheat straw infill sample which withstood a
maximum load of 1495 N before failure. The 0% infill sample withstood a maximum load of 616 N
before failure (Figure 16). Dividing the maximum load by the cross-sectional area of each infill produced
maximum stress values of 8.5, 1.2, and 2.1 MPa for the 12.7% PLA, 50% wheat straw, and 0% infills,
respectively (Figure 17).

Figure 16. Maximum load before failure on 50 mm x 50 mm x 25 mm PLA frame with various infills.
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Figure 17. Maximum stress before failure on 50 mm x 50 mm x 25 mm PLA frame with various infills.

Analysis
i. Heated Plastic Strip and Roller Experiment
The problem of the PET strips coiling up is likely because of the discontinuous nature of the samples. All
PET bends and deforms when heated, however, in a continuous filament production process, there will be
tension between the roller and the plastic bottle which should prevent the strip from coiling. The
discontinuous PET strips (without weights) do not have this tension, resulting in coiling.

The PET strips heated to 95 °C did not display any transfer of material from the strip to the roller which is
encouraging for filament production. However, only a limited amount of material was able to be
deformed due to PET’s relatively low ductility at this temperature. A much higher pressure between the
rollers may be able to overcome this low ductility; however, forming a continuous solid filament at this
temperature does not look like a viable option. This is because in addition to pressing the PET strip into a
shape having a circular cross section during rolling process, the PET has to be ductile enough to retain
that shape after the pressure from the rollers has been removed. At this low temperature, the PET is barely
in its glass transition region, meaning the PET that is pressed together during the rolling process will not
adhere to itself to maintain its circular cross section, but instead expand back into a (now bent)
rectangular cross section once the pressure from the rollers is removed.

The PET strips heated to 175 °C also did not transfer any material from the strip to the roller but the cross
section of the deformed region was solid and semi-circular in shape, which is encouraging for producing a
3D printer filament. The diameter of the deformed strip was close to the desired filament diameter as
well. The 0.25 mm difference in diameters may be due to the shrinking of the plastic as it cooled after
rolling. PET has a relatively large coefficient of thermal expansion (CTE) of 59.4 x10-6 K-1 compared to
14

other materials like metals, so a change in temperature can significantly change its dimensions.12 The
optimal diameter of the indentation in the roller is likely larger than 1.75 mm. Additional testing will need
to be conducted to determine the exact size of the indentation needed in the roller due to the unknown
CTE of the polymer clay after curing.

Another contributing factor may be the roller that was used. When manually imprinting the filament
shape onto both rollers, more than 50% of the filament (by cross-sectional area) may have been pressed
into one roller while less than 50% may have been pressed into the other. This will not be an issue in the
full-scale test where both rollers are pressed together. However, for this proof of concept test where only
one roller is used, it could significantly change the size of the filament.

ii. Gravity Extrusion Test
The gravity extrusion experiment suggested that liquid PET is too viscous to be pulled through a 1.75 mm
hole by gravity alone (at least at a small scale with only 5 grams of PET). To verify this theory, the
maximum pressure that gravity can exert on the PET liquid (Pg) can be determined (Equation 2).

𝑃𝑔 =

𝐹𝑔
𝐴

𝑚

9.81 2×.005 𝑘𝑔
𝑠

=

1.75 ×10−3 𝑚 2
)
2

(2)

𝜋×(

where:
Pg = the pressure exerted on the liquid by gravity
Fg = the force of gravity on the liquid
A = the cross-sectional area of the die
This equals 20.4 kPa. To determine whether this is enough pressure to extrude the PET, it must be larger
than the minimum pressure required to extrude bottle grade PET, which can be estimated by modeling
this process as a billet extrusion14 (Equation 3).
128 × 𝐿

𝑐
𝑃𝑚𝑖𝑛 = 𝜋 × 𝐷3(𝐷 +8𝛼)
𝐴𝑏 𝑣𝑏 𝜂
𝑐

𝑐

where:
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(3)

Pmin = minimum pressure required to extrude
Lc = length of the die channel = 2 mm
Dc = diameter of the die = 1.75 mm

𝛼 = slip coefficient of the surface = 0.04 for Teflon
Ab = area of the billet = cross-sectional area of the top of the cake pop well = 1.8 x 10-3 m2
vb = ram speed
𝜂 = viscosity of liquid PET used in plastic bottles15 = 0.8

𝑑𝐿
𝑔

To solve for the ram speed, conservation of volume was used by setting the ram speed times the crosssectional area of the billet equal to the filament production velocity (vf) times the cross-sectional area of
the filament (Af) (Equation 4).

𝑣𝑏 × 𝐴𝑏 = 𝑣𝑓 × 𝐴𝑓

A typical feed rate of PET filament into a 3D printer16 is 5.6

(4)

𝑚𝑚
.
𝑠

Estimating that the “billet” will be

melted PET in a cylinder with a cross-sectional area equal to Ab and solving for the cross-sectional area of
the 1.75 mm filament, 𝑣𝑏 is equal to 7.4 x 10-3

𝑚𝑚
.
𝑠

This small feed rate makes sense because of the large

cross-sectional area of the cake pop well relative to the cross-sectional area of the filament, and the small
feed rate required for the 3D printer.
Inserting this value for 𝑣𝑏 into equation 2, a value for 𝑃𝑚𝑖𝑛 is determined to be 92.6 kPa. The significant
difference between 𝑃𝑚𝑖𝑛 and 𝑃𝑔 is likely due to the difference in feed rate. Commercial 3D printers have
a filament feed rate of 5.6

𝑚𝑚
;
𝑠

method was approximately 0.7
filament at 5.6

𝑚𝑚
𝑠

however, the observed filament production rate using this gravity feed
𝑚𝑚
.
𝑠

To estimate the minimum amount of PET required to extrude

using gravity alone, equation 2 was set equal to 𝑃𝑚𝑖𝑛 and used to solve for 𝐹𝑔 . This

value was then divided by 9.8

𝑚
.
𝑠2

It was found that 1 kg of PET would need to be melted at all times to

continue this production rate which may be difficult in a small-scale extrusion setting. Small-scale
filament extrusion using gravity may still be viable if the filament is extruded ahead of time.

The diameters of the filaments produced from the gravity feed method were more accurate than those
produced using a roller. This may be because the lengths of the measured filaments were much smaller in
16

the extrusion method. The samples that were measured were too small to be of practical use in a 3D
printer and may not be indicative of a longer filament. To determine if this method using a 1.75 mm
filament die can produce a continuous filament with the desired diameter, it would be beneficial to run
tests with a larger amount of PET which should produce longer filaments.

iii. Straw Infill Experiment
The PLA 12.7% infill sample withstood a much higher load than the 50% wheat straw and 0% infill
samples. This was expected because PLA is much stiffer than straw and the adhesion between the PLA
layers comprising the infill was much stronger as well. In applications where high strength is not a major
concern, however, wheat straw may still be a viable infill option. The 50% wheat straw infill sample
withstood a 240% larger load than the 0% infill sample suggesting that the wheat straw infill significantly
improves the strength of the part.

The 50% wheat straw infill failed at a much lower stress than the 12.7% and 0% PLA infill samples. This
was because the wheat straw infill had a much larger surface area than the other two infill options. While
these samples did not have a surface above the infill, most 3D printed parts will, meaning the infill will be
completely encased in a shell. As a result, the cross-sectional area of the part in contact with the load will
be the same for all three infills, meaning the maximum load is a better indicator of infill performance.

The excessive time required to dry the wheat straw infill makes wheat straw an unattractive option for the
fast-production world of 3D printing. This is particularly problematic because one of the main benefits of
3D printing is the ability to quickly produce parts for proof-of-concept tests without having to send build
requests to an outside company.

A solution that may allow wheat straw to be used as an infill without being concerned about shrinkage
due to drying or long drying times is to mass-produce large sheets of infill and cut sections of these sheets
to size to infill parts as needed. This process is similar to the process used to make honeycomb fireresistant doors17 and can reduce processing times by printing the infill material ahead of time.

Conclusions
Heating a strip of PET to a temperature in the middle of the glass transition region (around 175 °C)
produced the best filament for 3D printers among the temperatures tested because no material was
transferred to the roller during deformation, and a strip with a solid cross-section was produced.
Additionally, at small scales (less than 1 kg of PET), molten PET cannot be extruded by gravity at rates
17

fast enough to be fed directly into consumer 3D printers as they print. Producing the PET filament ahead
of time through extrusion and then feeding the filament into the printer afterward may be a solution to the
slow production rate. Finally, wheat straw can be a viable infill material for parts with low strength
requirements; however, shrinking and long drying times make it unattractive for parts with short
production times. A solution to this may be to mass-produce wheat straw infill in sheets which will then
be dried ahead of time and added to the 3D printed part as an intermediate step.

Recommendations/Future Work
To explore the differences in properties between the two types of straw infills, it may be beneficial to
examine infills made from rice straw pulp in the future.
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